In this work the indepth compositional variations of MgH 2 thin films grown directly by reactive sputtering in H 2 gas were studied over time. XPS was performed using a Thermo Scientific Theta Probe with monochromatic Al Kα radiation (hν = 1486.6 eV). Measurements at different sample depths were obtained by Ar + ion sputtering, and high-resolution Mg 2p and O 1s spectra were used to quantify the data. Indications of differential charging effects were observed in the O 1s spectra. At the unsputtered surface a layer of Mg(OH) 2 was found to grow with air exposure time. Underneath this layer, both MgH 2 and MgO were present in near equal amounts, and deeper in the film there was an increasing amount of metallic Mg. Apart from the growth of Mg(OH) 2 the film appeared to be stable in air over the time period of the experiment. Copyright c 2010 John Wiley & Sons, Ltd.
Introduction
Magnesium is an interesting material in a hydrogen storage perspective due to its low weight. Furthermore its intriguing change in optical and electrical properties upon hydrogenation makes Mg thin films a good candidate for a variety of applications, from coatings on solar collectors [1] and smart windows [2] to optical hydrogen sensors [3] and semiconductor devices. [4] Despite the importance of its electronic structure, there has been limited work done on the Mg-H system using spectroscopic techniques like XPS. The close overlap of the hydride, oxide and hydroxide components of the Mg peaks makes data interpretation a challenge, and to complicate the picture further the different electrical properties of the metallic and semiconducting/insulating phases lead to possible differential charging effects. Friederichs et al. [5] studied different powders of Mg and Mg hydride under controlled exposure to oxygen and air. In their analysis, the MgH 2 , MgO and Mg(OH) 2 components were not separated in the Mg 2p peak, while in the Mg KLL peak the Mg(OH) 2 component was shifted to slightly lower kinetic energy (KE).
Yoshimura studied Pd-capped Mg thin films produced by d.c. magnetron sputtering and hydrogenated thereafter. [6] Metallic Mg, MgO and MgH 2 were found to coexist beneath the Pd cap layer, while only metallic Mg was present deeper in the film. This can be attributed to MgH 2 forming at the interface between Pd and Mg, hindering the diffusion of hydrogen and preventing further growth of the hydride beyond a critical thickness of 100 nm. [7] Recently, this problem was circumvented by growing the MgH 2 phase directly by activated reactive evaporation. [7] In this work, MgH 2 thin films grown directly by reactive sputtering in H 2 gas were investigated. The in-depth compositional variations were studied over time by XPS.
Experimental
The films were deposited on silicon <100> substrates in a UHV system (base pressure = 10 −6 Pa) by RF magnetron reactive sputtering of an Mg (99.95%) target in a mixture of Ar and H 2 . The sputter pressure was 0.5 Pa at a flow rate of 15 sccm Ar and 30 sccm H 2 . The substrates were kept at room temperature during deposition. In order to obtain homogenous films the substrates were continuously rotated during sputtering. The typical deposition rate was 0.9 Å/s at 80 W RF. The sample thickness was approximately 50 nm. The substrates were cleaned with RF plasma prior to deposition.
The samples were investigated by XPS using a Thermo Scientific Theta Probe with a monochromatic Al Kα source (hν = 1486.6 eV) operated at 15 kV and 6.7 mA. High-resolution spectra were acquired with pass energy 20 eV and dwell time 100 ms. Measurements at different sample depths were obtained by sputtering an area of 3 × 3 mm with a 2 kV Ar + ion beam delivering 1 µA of current.
Three pieces of the same wafer, labelled as samples A, B and C were investigated at different times 4, 15 and 37 days after synthesis. For the first 4 days the sample was packed in Ar during transport. After the first measurement the sample was kept in air. Data processing was done using CasaXPS. [8] The Shirley background [9] was used for all spectra. Scofield cross-sections were used for the relative sensitivity factors. [10] 
Results and Discussion
Calibration of the data was done using the oxide component of the O 1s peak at 531.4 eV. This was chosen over the more usual C 1s as the carbon was removed in the sputtering process. Several values for the peak separation of the Mg(OH) 2 and MgO components of O 1s can be found in literature, [5, 11] and the values obtained in this work seem to be reasonable. However, when the MgO peak was calibrated to a constant position, the Mg(OH) 2 peak moved to higher binding energies (BE) with Ar + sputtering time, as can be seen in Fig. 1 . Shifts to higher BE are consistent with charging effects, implying that MgO and Mg(OH) 2 experience different degrees of charging in these samples.
The Mg 1s, 2p and KLL high-resolution spectra generally show a broad peak at higher BE consisting of MgH 2 , MgO and Mg(OH) 2 in varying amount. Deeper in the sample a narrower metallic peak at lower BE is also present. When trying to fit the broader peak with just one synthetic peak, a couple of problems arise. Figure 2 shows how the Mg 1s peak moves to lower BE with increasing Ar + sputtering time. This is the opposite effect of what was seen for the hydroxide component of the O 1s peak, and thus, is unlikely to be explained by charging effects. After about 20 min there appears to be a plateau where the position of the Mg 1s peak stays more constant. This corresponds to where the oxide/hydroxide ratio in the O 1s peak is also starting to stabilize. If one takes a look at the peak shape of the Mg 1s peaks in Fig. 3 it becomes clear that the peaks are not symmetric. When fitted with just one component the synthetic peak is generally too intense on the low BE side. The Mg 2p peaks show the same trends. Both these problems can be solved by using more than one synthetic component, trying to separate the MgH 2 , MgO and Mg(OH) 2 components. In such an approach, the small shifts in the broad peak can be explained by changes in relative concentration of the different phases. Unfortunately, with the suspected presence of differential charging effects this is not a straightforward task. In this work, the issue of peak fitting Mg in detail is avoided entirely by combining the data of the high-resolution Mg 2p and O 1s spectra in order to quantify the data. The Mg 2p spectrum was fitted with one narrow peak in the metallic region (when present) and two peaks without any other requirements than to fit the peak shape of the broad MgH 2 /MgO/Mg(OH) 2 peak. First the ratio of each component was obtained through the CasaXPS quantification process. The two Mg 2p MgH 2 /MgO/Mg(OH) 2 dummy peaks were added. The contribution from O 1s and Mg 2p was weighted according to their electron inelastic-mean-free-paths (IMFPs) in MgO. [12] Finally, the ratio of hydroxide/oxide in the O 1s peak was used to calculate the amount of hydroxide and oxide within the Mg content, according to the stoichiometric formulas Mg(OH) 2 and MgO. Any remaining Mg was then assumed to be MgH 2 .
At present we have chosen to neglect possible preferential sputtering of Mg, MgH 2 , MgO and Mg(OH) 2 . For layered samples, preferential sputtering should mainly result in a shift in the composition with depth, while the trends stay the same. The most uncertain area of the film will be where MgH 2 and MgO coexists, as not much is known about the sputtering behavior of MgH 2 . However, the profiles seem to be reasonable. As an example, the Mg(OH) 2 which can be considered to be a result of oxidation of hydride decreases with depth whilst the hydride increases. In any case it seems fair to disregard preferential sputtering given the present accuracy of the quantification method.
MgCO 3 is expected to exist on the unsputtered surface in the form of hydromagnesite, [13] but as it is not expected to influence the compositional profile in-depth, the presence of C has been neglected at this stage.
The results of the quantification process are shown in Fig. 4 . The limitations of the method become evident when looking at the graph for sample C, where MgH 2 is calculated to be present in negative amount. Apart from inaccuracies related to the quality of the spectra and the peak fitting the electron IMFP weighting is an inevitable source of possible mistakes. Here the electron IMFP values in MgO were chosen as MgO appears to be the dominant phase. This is of course a simplification as the sample in reality consists of multiple phases varying in amount with sample depth. It may serve as an illustration that when weighted according to the electron IMFPs in pure Mg the amount of MgH 2 at the unsputtered surface of sample C became even more negative. However, the most significant source of error near the outermost surface is neglecting the presence of carbon. Thus, the calculated negative amount of MgH 2 near the surface is not representative for the accuracy of the method further into the film. For future improvement, high-resolution measurements of C 1s should be recorded. Nevertheless, the present results show some clear trends.
Both MgO and Mg(OH) 2 are detected on the unsputtered surface for all samples, but the concentrations change. For sample A the values are 18.4 and 73.1 at.%, respectively. For sample B and C the amount of MgO decreases while Mg(OH) 2 increases; 13.7 and 84.6 at.% for sample B and 9.4 and 100.5 at.% for sample C. Thus, as the samples' exposure time to air increases the amount of Mg(OH) 2 on the unsputtered surface grows. It was necessary to Ar + sputter sample C 10 min more than sample B in order to reach the Si substrate through the film (not shown), indicating that the total film thickness has in fact increased due to Mg(OH) 2 formed at the surface upon air exposure.
The concentration of Mg(OH) 2 decreases rapidly with Ar + sputtering, and underneath the Mg(OH) 2 layer MgO seems to be the dominant phase. At further sputtering, MgH 2 takes over for Mg(OH) 2 , and even deeper in the film, closer to the substrate, there is an increasing amount of metallic Mg present.
Owing to the large sputtered area, the crater was too shallow to be measured. But by comparing the spectra and the Ar + sputtering time necessary to reach the Si substrate the film thickness has grown the equivalent of approximately 10 min Ar + sputtering between each measurement. This means that for instance, 20 min sputtering of sample B gives a comparable distance from the substrate, as 30 min sputtering of sample C.
The concentration of MgH 2 is very low, and the concentration of MgO present in the bulk is surprisingly high compared to literature, [7] at least in sample A, which was only exposed to air for a few minutes while being mounted in the XPS spectrometer. The limitations of the method makes it dangerous to compare the absolute values for different samples directly, but the shape of the MgO curve for sample B might suggest that the oxide level is increasing from the surface inwards with time. But where does the initial oxygen in sample A come from? Compared to the level of MgO in sample A the increase in the oxide concentration over the next 33 days of the experiment is rather modest. Either there exists some kind of maximum level of oxidation for this system and this level was already reach in the few minutes while mounting sample A in the XPS instrument, the packing in Ar during transport was not sufficient, or it must be considered whether significant amounts of oxygen were introduced during synthesis. It is indeed possible that oxide is formed during deposition of the film. During the reactive sputtering hydrogen reacts with the walls of the chamber and reaction products like water and oxygen are formed. The partial water pressure is increased after the deposition, resulting in a base pressure of 10 −5 Pa, mainly due to water. However, preliminary investigations of a similar sample capped with a protective layer of Al indicate a lower content of oxide, [14] which means that postsynthesis oxidation should not be dismissed. A further investigation of this is in progress. It seems that either the attempt to create Mg-hydride directly from reactive magnetron sputtering was not successful in this case, or this kind of sample does not have the stability claimed for Mg-hydride created directly from activated reactive evaporation. [7] 
Conclusion
In this work, MgH 2 thin films grown directly by reactive sputtering in H 2 gas were investigated by XPS. MgH 2 , MgO, Mg(OH) 2 and metallic Mg were found to coexist in the film, and indications of differential charging effects were observed. The in-depth compositional variations were studied over time. At the unsputtered surface a layer of Mg(OH) 2 was found to be growing with air exposure time. Underneath this layer both MgH 2 and MgO were present, with 60-70 at.% MgO as the dominant phase and only 20-30 at.% MgH 2 . Deeper in the film there was an increasing amount of metallic Mg present. The high amount of MgO found in the bulk was somewhat surprising and work remains to determine the source.
